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In silico analysis of PKS and NRPS genes and genomic locations 185
Monomer prediction based on specificity of the A-domain was determined using the Latent 186 Semantic Indexing of the LSI-based A-domain predictor [36] . NaPDos was used to determine 187 C-domain types [37] . For AT domains, Symbiodinium sequences were compared to the Hidden 188
Markov Model-based ensemble (HMM) generated by Khayatt et al. [38] . Additional information 189 about substrate specificity was detected using I-TASSER [39] . AntiSMASH (Antibiotics & 190 Secondary Metabolite Analysis SHell) version 4.1.0 was used with default settings to identify 191 NRPS and PKS gene clusters within scaffold regions using nucleotides sequences as queries 192 [40] . Subcellular localization of PKS gene products toward organelles (e.g. chloroplast and 193 mitochondria) or the presence of signal peptide or membrane anchor was determined using 194 ChloroP 1.1 and TargetP 1.1 using a cut-off score of ≥ 0.50 each and the subcellular localization 195 predictor, DeepLoc [41] [42] [43] 
. NUCmer operation of SyMap v4.2 (Synteny Mapping and Analysis 196
Program) was used to align and visualize syntenic relationships between the three Symbiodinium 197 clades [44] . Scaffold information and descriptions of these genomes were imported into SyMap 198 as GFFs (General Feature Files) . To determine orthologs, we performed an all-against-all 199 BLAST search of PKS-coding scaffolds of one genome against itself at a BLAST bit score cutoff 200 of ≥ 100 and e-value ≤ e -20 . Outputs were parsed and processed, and orthologous pair detection 201 was conducted using custom perl scripts. Possible segmental duplications were visualized using 202
Circos [45] . GC content variations in PKS-coding scaffolds were analyzed using GC-profile with 203 a halting parameter of 100 [46] . LTR Finder 1.05 was used with defaults parameters to search for 204 long terminal repeat (LTR) retrotransposon-specific features [47] . 205 206 207
Polyol extraction from Symbiodinium cultures (A3, B1, and C) 208
All cultured biomass samples (A3, B1, and C) were treated as previously described [8] . Cultured 209 cells were collected by centrifugation (9,000 x g and 14,000 g, 10 min, 10 °C). After discarding 210 the supernatant, a cell pellet was extracted with methanol (three times) at room temperature. 211
Methanol (400 μL) was added to the biomass followed by vortexing (1 min), sonication (10 212 min), and centrifugation (14,000 x g, 10 min, 10 °C) to give a methanol extract. The resulting 213 clear solution was transferred into a new tube. By adding methanol (400 μL) to the residue, a 2 nd 214 methanol extraction was conducted in the same fashion. The 2 nd clear methanol extract was again 215 collected and stored at -30 °C. Additional methanol (400 μL) was added to the residue, vortexed 216
(1 min), and kept overnight at room temperature. After centrifugation, the 3 rd methanol extract 217 was pooled with the previous extracts (total 1,200 μL) , and marked as crude extract. To remove 218 lipophilic materials from the crude extract, an aliquot (50 μL) of the crude extract was suspended 219 in 50 μL water-methanol (90:10) containing 0.5% formic acid. The suspension was vortexed (30 220 sec) and centrifuged (14,000 x g, 10 min, 10 °C) to give a clean solution. The clean solution was 221 transferred into a new tube (the stock solution) and the insoluble part was discarded. The stock 222 solution was kept at -30°C before NanoLC-MS analysis or immediately analyzed after dilution. 223
All crude extracts were lyophilized and stored at -30 °C. 224 225
NanoLC-MS analysis of the Symbiodinium methanol extract 226
A Thermo Scientific hybrid (LTQ Orbitrap) mass spectrometer was used for MS data collection. 227
The mass spectrometer was equipped with a HPLC (Paradigm MS4, Michrom Bioresources 228
Inc.), an auto-sampler (HTC PAL, CTC Analytics), and a nanoelectrospray ion source (NSI). 229
The high-resolution MS spectrum was acquired at 60,000 resolution in FTMS mode (Orbitrap), 230 11 full mass range m/z 400-2,000 Da with capillary temperature (200 ºC), spray voltage (1.9 kV), 231 and both positive and negative ion modes were used. The lipid-depleted crude extract (stock 232 solution) was diluted (1:50) by adding water-methanol (50:50) containing 0.25% formic acid and 233 separated on a capillary ODS column (50 × 0.18 mm, 3 μm, C 18 , Supelco). A 20-min gradient 234 (10% B for 0-2 min, 10-100% B for 2-10 min, hold 100% B for 10-15 min, equilibration 10% B 235 for 15.1-20.0 min, where solvent A was water: acetonitrile 98:2 and solvent B was water: 236 acetonitrile 2:98, both containing 0.1% formic acid; flow rate 2.0 μL/min, injection, 2.0 μL) was 237 used for polyol separation. 238
239
KS protein localization 240
KS protein localizations were visualized using a modified version of the protocol of Berdieva et 241 al. [48] . Briefly, Symbiodinium cells were prefixed in methanol: F/2 medium (1:1) at RT for 15 242 min. Samples were then fixed in methanol at -20 ºC overnight. Cells were washed in PBS, 243 followed by permeabilization with 1% Triton X-100 for 15 min (5 min for clade B1), further 244 washed with PBS and blocked with 5% normal goat serum-PBST for 1h. Subsequently cells 245
were incubated overnight at 4 ºC with primary anti-KS antibodies at a 1:100 dilution in blocking 246 solution. Primary antibody solution was then removed with 3 x 5-min PBS washes and cells were 247 incubated with Alexa Fluor 488 (Abcam Cat #ab150077) secondary antibody for 1h at RT (1:100 248 in blocking solution), ending with several PBS washes. Coverslips were mounted in DAPI-249 containing Vectashield on glass slides and visualized using a Zeiss Axio-Observer Z1 LSM780 250 confocal microscope under a Plan-APOCHROMAT 63X/1. Figure S3) . ~3% (3/83) of the sequences contain the 279 cTP (chloroplast transit peptide) signal while 12% (10/83) contained mitochondrial targeting 280 peptide (mTP) or secretory signal each (Fig. 1, Supplementary Table S5) . 281
A striking feature among the three genomes is the high number (26) AT gene models contained the cTP or mTP signals (Fig. 2) . 295
Comparative visualization of PKS-containing scaffolds from the three genomes showed 296 extensive duplication events in the three clades between genes associated with polyketide 297 biosynthetic clusters (Fig. 3) . Genomic synteny was observed between clades B1 and A3 (8 298 syntenic blocks), clades B1 and C (10 syntenic blocks) and clades A3 and C (7 syntenic blocks) 299 14 ( Fig. 3b-d ) while only four PKS-containing gene clusters were found to be shared among all 300 three clades (green boxes in Fig. 3b-d that a freestanding A-domain from Symbiodinium appears in three major clades that utilize 313 tryptophan, glycine, and phenylalanine as substrates (three highlighted clades in Fig. 4a , 314
Supplementary Figure S6 -S7). In contrast, other proteins with di-or multi-domains displayed 315 affinity for various substrates. Phylogenetic analysis of condensation domains was dominated by 316 functional categories of C-domains rather than species phylogeny or substrate specificity alone. 317
Four specific functional categories were clearly supported namely (1) 
Discussion
358
Evolution of modularity within Symbiodinium genomes 359
The genomic analysis at the clade-level presented here reveals expanded genetic diversity 360 of metabolite-producing capacity in Symbiodinium dinoflagellates. The polyketide biosynthesis 361 machinery gains its functional and genetic modularity by changes through combinatorial events 362 assisted by gene duplication, horizontal gene transfer (HGT), and recombination [55] . The 363 presence of a large number of monofunctional KS or AT domains within these genomes raises 364 questions about the evolution of modularity. Our analysis shows that domain as well as module 365 duplications established an important evolutionary mechanism toward modularity (Fig. 5b) . 366
Dinoflagellate genomes are scattered with large numbers of repeats, with frequent recombination 367 events, and possess genes with high copy numbers due to duplication [9] [10] [11] . These features 368 might have led to decomposition of Type I multifunctional PKS clusters, a phenomenon 369 involving shuffling of domains and modules previously observed in bacteria [17] . However, 370 there is increasing evidence of multifunctional PKS domains in several dinoflagellates, 371
indicating that multifunctionality coevolves with monofunctional domains [8, 31, 56] . Our data 372
show that monofunctional PKSs are related to multifunctional PKS (Fig. 1) clades has been reported in bacteria and interpreted as proof of independent evolution [74] . clusters are conserved between clades A3, B1, and C ( Fig. 3b-d 
